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ABSTRACT: The pyriform silk molecular orientation of the attachment disc of a spider was 
studied using infrared-visible vibrational sum frequency generation (SFG) spectroscopy. 
When a spider secretes attachment disc silk, its spinnerets are said to rub back-and-forth on 
parallel straight lines and pyriform silk molecules are forced to be oriented. Hence, the 
attachment disc is expected to have a macroscopic second order optical nonlinearity. The 
orientation of amino acids in protein is said to cause the attachment disc silk to form a 
macroscopic polar structure. The spider can attach dragline and radial lines with the 
attachment disc to many kinds of substrates in nature (concrete, alloy, metal, glass, plant 
branches, leaves, etc.). The adhesion can bear the spider's own weight, and resist the wind on 
its orb web. In our SFG spectroscopy study, the OH groups in serine in the amino acid 
sequence of the attachment silk proteins were judged to be oriented. It is suggested that the 
intermolecular force is strengthened on a macroscopic scale by the orientation of the polar 
side chains of the serine. This may provide strong adhesion for the attachment disc. 
		 2 
Introduction 
The orb-weaving spider can secrete seven types of silk for various uses by its seven types 
of secretory glands. The spider’s dragline for vertical movement and the radial lines for 
orb-web construction are secreted from the large ampullate gland. On the other hand, the 
pyriform gland secretion is used to glue a dragline or a radial line onto materials.1–3 The 
structure made of pyriform silk for fixing the dragline and the radial line to the materials is 
called an attachment disc. Hundreds of spinnerets in the abdomen of the spider are brought 
into direct contact with the material’s surface, and a large amount of pyriform silk is 
discharged from the spinnerets while being rubbed against the surface to form an attachment 
disc.4–7 As shown in Figs. 1(b) and (c), the attachment disc of pyriform silk looks like a set of 
staple-pins and it fixes the dragline to the substrate. The attachment disc can apply a strong 
adhesive force to the surface of almost any material in nature. On the other hand, it has been 
reported that its adhesion strength or weakness depends greatly on the material.8,9 However, 
in spite of the very low surface free energy of polytetrafluoroethylene, for example, the 
attachment disc adhesion strength is high10. The mechanism of its adhesion remains unclear 
in many aspects. 
 
The secretion from the pyriform gland is an analogous liquid,11 which solidifies rapidly in air 
and sticks the dragline and radial lines to the surface of materials.12 It forms a stable 
attachment disc in less than a second in a natural environment.10 Pyriform silk is mainly 
composed of protein called pyriform spidroin 1 (PySp1) and pyriform spidroin 2 (PySp2).11–
Figure 1. (a) Photograph of the spider (N. clavata) featured in this study. (b) Scanning 
electron microscopy (SEM, HITACHI TM3030Plus, acceleration voltage: 15 kV) image 
of an attachment disc of the spider. (c) Optical microscopy image of an attachment disc of 
the spider. 
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13 The attachment disc also contains lipids, which could function as surfactants to improve 
the wettability of hydrophobic surfaces.10 PySp1 contains block modules with a high degree 
of polarity and charge.11 On the molecular scale, the amino acid sequences may interact 
strongly with the substrate due to a high content of polar side chains. Aligned spidroin 
nano-fibrils are presumed to have a high anisotropy,10 so such an anisotropic structure needs 
to be analyzed experimentally. 
We have found in the past that an anisotropic secondary structure in the highly oriented 
spidroin (e.g., dragline or radial line) exhibits a second-order nonlinear optical response.14,15 
In order to detect the physically anisotropic structure of the attachment disk and the chemical 
species, vibrational sum frequency generation (SFG) spectroscopy was used for this study. 
To our knowledge, this is the first-time SFG has been used for observations of spider silk. 
Singla et al.16 reported the characterization of interfacial water in the aggregate glue droplets 
on the spider web by using SFG. The main ingredient in the aggregate glue droplets is 
glycoprotein. Conversely, our study uses spider silk as the main ingredient of the research 
target or attachment disc. Based on the experimental results, the microscopic structure of the 
attachment disc and the mechanism of the adhesion force will be discussed. 
 
Experimental Section  
The samples consisted of attachment discs of N. clavata, as shown in Fig. 1(a). The samples 
were collected 3-5 days before observation. The attachment discs were adhered to silicon 
wafer substrates by the spider. The second-order nonlinear optical effect was not generated 
strongly from the bulk of silicon or its surface oxide because of their centrosymmetric 
structures on the microscopic scale. When we collected the samples, several silicon wafers (2 
cm x 2 cm) were stuck on a sufficiently large sheet of paper. Spiders were captured on the 
JAIST campus (coordinates (WGS 84): E 136.5955, N 36.4451) in Ishikawa Prefecture. 
When a spider walked on the paper, it sometimes secreted an attachment disc under its belly. 
While secreting the pyriform disc, the spider stopped and shook its belly part to left and right. 
We gently encouraged the spider to walk on the Si wafers and to secrete attachment discs on 
to the wafers. The detail of the sample collection is shown in the Supporting Information (see 
Video S1). 
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Figure 2 shows the optical setup of our SFG measurement system. In this study, we used 
doubled-frequency light pulses at a visible wavelength of 532 nm with the pulse time width 
set to 30 ps and the repetition rate of 10 Hz was generated by a harmonic unit (EKSPLA 
HMPL/SH/TH/FH 183) excited by a mode-locked Nd:YAG laser (EKSPLA PL2143) system. 
Output from an optical parametric generator and amplifier system (OPG/OPA) (EKSPLA 
P6401DFG2-18) driven by the same Nd:YAG laser was used as the wavelength-tunable 
infrared (IR) light. The SFG signal was generated in the reflection direction from the sample 
by the IR and visible light pulses. It was then introduced into a monochromator (Nihon 
Koken Kogyo Co., Ltd., SG-100) and finally detected and recorded by a photomultiplier 
(HAMAMATSU R585) and a gated integrator system. The resolution of the monochromator 
was set as 13.6 nm in the SFG measurement. The wavenumber resolution was determined by 
the spectral width of the IR output. The spectral width of the IR light from our OPG/OPA 
was 3 cm-1. Both visible and IR light beam spots were focused on the same area of 2 mm2 on 
the sample surface. The energies of the visible and IR light were 35 µJ/pulse and 25-115 
µJ/pulse, respectively. The corresponding flux of the visible and IR pulses were 1.75 
mJ/cm2·pulse and 1.25-5.75 mJ/cm2·pulse, and the peak energy densities on the samples were 
Figure 2. The optical setup of our SFG spectroscopy system. BPF: Band pass filter. HU: 
Harmonic unit. OPG/OPA: Optical parametric generation/amplifier. HWP: Half wave 
plate. 
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58.3 MW/cm2 41.7-192 MW/cm2, respectively. The maximum output energy of the IR light 
depended on the output wavelength of our OPG/OPA. The measured SFG signal was 
normalized by that from a GaAs(001) wafer under the same conditions. No damage of either 
nanometer or micrometer scale was detected on the sample after the SFG measurement using 
an optical microscope and an SEM. Additionally, since there is no time dependency of SFG, 
the damage was considered to be of negligible impact. The polarization configurations PPP 
and SSP were used. Here the three capital letters denote the polarizations of the sum 
frequency output, visible input, and IR input pulses in that order.  
The measurement step of the Fourier-transform Infrared Spectrometer (FT-IR) (Perkin Elmer, 
Spectrum 100) was 1 cm-1 and the energy resolution was 4 cm-1. The attachment disc samples 
were separated from the Si substrates and measured on their own. 
 
Results 
 
Figure 3 shows an FT-IR absorption spectrum of an attachment disc in the wavenumber 
region of 900-1700 cm-1. Three absorption bands can be seen at 1200-1260 cm-1, 1510-1580 
Figure 3. The FT-IR spectrum of the 900-1700 cm-1 region of an attachment disc of a 
spider (N. clavata). Peaks attributed to serine are marked (Ser). Bands attributed to 
amide are marked (amide I, II and III). 
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cm-1, and 1600-1700 cm-1. These are the characteristic bands of the peptide group named 
amide III, amide II, and amide I, respectively. Two absorption peaks are seen at 1167 cm-1 
and 1454 cm-1; and are supposed to be the bands of b-poly-L-alanine (b-PAla).17 These 
results are consistent with the IR absorption spectrum of the dragline of the spider already 
reported.17 Two absorption peaks are seen at 1050 cm-1 and 1400 cm-1. They are ascribed to 
serine.18 
 
Figure 4 shows an FT-IR absorption spectrum and SFG spectra of an attachment disc in the 
wavenumber region of 2800-3500 cm-1. The wavenumber resolution of the SFG spectrum is 
about 10 cm-1 after a Savitzky-Golay smoothing treatment19 with three smoothing points. The 
incident plane of the two excitation light fields is parallel to the pyriform silk fiber axis of the 
attachment disc. The polarization confirmations are PPP and SSP for the middle and bottom 
spectra, respectively. The IR absorption spectrum shows two wide vibrational bands at 
2850-3000 cm-1 and 3100-3500 cm-1. The IR spectrum at 2800-3500 cm-1 in Fig. 4 is 
consistent with the IR spectrum of the spider dragline reported by Papadopoulos et al.17  
Figure 4. SFG and FT-IR spectra of the 2800-3500 cm-1 region of an attachment 
disc of a spider (N. clavata). The solid lines of the SFG spectra are the result of 
curve fitting. The wavenumber resolution is ~10 cm-1 after the fitting. 
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We measured the SFG spectra at seven different positions on four different attachment disc 
samples with good reproducibility. The wavenumbers of the 13 detected peaks in the SFG 
spectra are shown in Fig. 4. The bands below 3000 cm-1 are assigned to the bands of CHn 
vibrations. The bands around 3270 cm-1 and 3060 cm-1 are assigned to the amide A and 
amide B bands, respectively.20 The assignment of the SFG bands in Fig. 4 based on the 
literature is shown in Table 1. The doublet structure of the amide A bands at 3270 and 3300 
cm-1 is consistent with the IR spectra.20  In the polarization configuration of SSP, the 
relative intensity of the peak at 3150 cm-1 is stronger than that in the PPP configuration. 
The SFG peaks were detected only when the incident plane and the fiber axes of the 
attachment disc silk were parallel to one other. When the fiber axes of the attachment disc 
silk were perpendicular to the incident plane, the incident light was scattered strongly by the 
attachment disc and did not enter the detector in the regular reflection direction. The linear 
optical reflectance of the attachment disc on the silicon substrate increased linearly as a 
function of the angle between the silk fiber axis and the incident plane. The reflectance is at 
the maximum when the fiber axis of the silk is perpendicular to the incident surface (see 
Figure S1). We tried to measure the chiral SFG by using a combination of SPP and PSP 
polarization21, but the signal was below the noise level. 
Discussion 
Here, we focus on IR vibration bands in the 900-1700 cm-1 region and SFG bands in the 
2800-3600 cm-1 region. FT-IR data of 1700-2800 cm-1 is shown in Figure S2 in the 
Supporting Information file. The infrared absorption spectrum of the attachment disc silk in 
Fig. 3 including the IR vibration bands of amides I, II and III, is quite similar to that of the 
spider's dragline already reported.17 This is because both of them consist of proteins. The 
non-zero second-order nonlinear optical response of the attachment disc silk was confirmed 
by a second harmonic generation (SHG) microscopy (see Figure S3 in the Supporting 
Information). Hence oriented β-sheets in spidroin are suggested to be the origin of its SFG 
response.14 From literature,22 it has been seen that the attachment disc contains considerable 
alanine and glycine like the dragline. Hence, in the attachment disc silk, alanine-rich β-sheet 
crystals, like β-sheets in a dragline, might also be oriented along the fiber axis of the pyriform 
silk and interconnected by glycine-rich chains.  
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Table 1. Tentative assignment of the 2800-3500 cm-1 region of the vibrational SFG peaks 
of the attachment disc of the spider (N. clavata). 
attachment disc assignment  
SFG (cm-1) 
2850 CH2(nss)23–26 
2920 CH2(nas)26 
2950 CH3(nas)24 
2995 CH(nas) aromatic ring27–29 
3050 amide B (NH stretching)30 
3066 NH Fermi-resonance31 
3150 n(OH) of Ser32 
3270 NH33 
3300 NH33–36 
3340 NH34 
3370 OH37,38, NH(nss)39 
3440 OH of hydroxyl group40–42, free NH34,43,44, amide (NH)33 
3480 OH45, amide (NH)33 
n: stretching vibration, nss: symmetric stretching, nas: asymmetric stretching 
 
Figure 4 shows several peaks in the SFG and IR spectra. In our experimental process, bare 
silicon substrates do not give any SFG signals. This means that there is no SFG contribution 
from environmental contamination. Additionally, our previous paper14 reported the existence 
of “SHG” signals from the radial lines and draglines of spider silk but not from the spiral 
lines. If the contamination with non-centrosymmetric structures in our sample preparation 
process contributes to the second order optical nonlinearity, there should be SHG signals 
from all the types of spider silk. Hence, we can say that the effects of contamination with 
non-centrosymmetric structures can be excluded from our sample preparation conditions. 
As shown in Table 1, four peaks of the C-H stretching vibration region (2850-3000 cm-1) in 
the FT-IR spectrum in Fig. 4 are assigned to: CH2 symmetric stretching23–26 at 2850 cm-1, 
CH2 asymmetric stretching26 at 2916-2924 cm-1, CH3 asymmetric stretching24 at 2950 cm-1, 
and CH asymmetric stretching of the aromatic ring27–29 at 2995 cm-1. Among the amino acids 
constituting pyriform spidroin, phenylalanine and tyrosine. are considered as the origin of the 
aromatic ring signal.12,46 
The NH stretching vibration usually serves as a probe to investigate the structural and 
functional properties of proteins.33,35 Fermi resonance by the NH stretching vibration and the 
amide II harmonic leads to amide A and B bands33 at 3100-3500 cm-1. The peak at 3050 cm-1 
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is the NH stretching mode of amide B.30 The peaks at 3270 cm-1 and in the 3300-3360 cm-1 
region in Fig. 4 are typical modes in NH stretching vibration.33–36 At circa 1630 cm-1 in Fig. 3, 
we saw a typical amide I peak with β-sheets.47 Therefore, the peak at 3270 cm-1 is considered 
to be the NH group engaged in the hydrogen bonding of β-sheets.48 For the SFG peaks 
between 3270 and 3300 cm-1, the intensity for polarization combination of PPP is 
significantly stronger than that of SSP. Since there is non-zero second order nonlinearity 
arising from NH bonds, it is suggested that the second order nonlinearity was caused by not 
randomly oriented amino acids such as alanine, serine, glutamine, valine, leucine, proline, or 
arginine with NH bonds. In our previous report,14 we found that the oriented β-sheets in the 
spidroin of the dragline have a second-order nonlinear optical response. In this study, the NH 
bonds in amide B structures in pyriform silk have been considered to be oriented to some 
extent. Hence the origin of the second-order nonlinear optical response of the attachment disc 
is suggested as being the orientated β-sheet structure of pyriform silk. 
The spidroin of the orb-weaving spider consists of very large highly repetitive proteins.46 
This structure resembles that of the dragline and contributes to the strength of the spider silk. 
On the other hand, the attachment disc has the function of adhesion as well as strength. 
Figure 4 shows a peak in the SFG spectra at 3150 cm–1. In the racemic case of DL-serine, the 
vibrational frequency of the n(OH) bands is shifted by the hydrogen bonding from the 
unperturbed n(OH) vibration at 3453 cm-1, overlapped by the n(NH) absorption bands, and 
produces a peak32 at 3150 cm-1. Glycine polymorphs can give a n(NH) absorption band32 in 
the range 3100-3200 cm–1, but the content of glycine in PySp1 and PySp2 in the attachment 
disc is very low.12 Hence, our sample contains L- and/or D-serine. Since the non-natural 
D-amino acid is not in the biological protein on earth, the origin of the peak at 3150 cm-1 in 
Fig. 4 is assigned as L-serine in the spidroin. 
Among the 20 kinds of amino acids constituting natural protein, aspartic, glutamic, serine, 
threonine, and tyrosine all contain the hydroxyl group (OH) in the side chain. About 30% of 
the amino acid sequences of pyriform spidroin consist of serine.12 The fact that the FT-IR 
peaks at 1050 cm-1 and 1400 cm-1 in Fig. 3 are due to the C-OH of serine18 also confirms that 
there are large amounts of serine in the attachment disc. Therefore, it is reasonable to assume 
that the SFG peaks of the OH stretching vibration in the attachment disc is due to serine. 
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In Fig. 4 the relative intensity of the OH stretching vibration of serine at 3150 cm-1 is stronger 
for the polarization combination SSP than PPP. Since this mode has a quite different 
polarization dependence from the amide A and B mode at 3270 cm-1 and 3300 cm-1, the 
serine OH bond should be oriented in a different direction from the NH bonds in the whole 
attachment disc. The peak at 3440 cm-1 is near the frequency 3480 cm-1 in the hydroxyl 
vibration region of protein.40–42,49,50 However, the assignment of the peaks between 3370 cm-1 
and 3480 cm-1 is difficult. 
Since serine has a polar side chain having a hydroxyl group, oriented serine should show a 
very strong macroscopic intermolecular force. Wolff et al.10 proposed that the large content 
of polar side chains in amino acids constituting the attachment disc may cause a strong 
interaction (adhesion) of the amino acids with the substrate or an aggregation within 
materials. Our results in this study are consistent with this model. 
cDNA analysis has identified repetitive motifs (e.g., QQASVSQS and QQSSLAQS) made of 
8 amino acids in the pyriform spidroin, and these motifs contain a large amount of serine(s).46 
This repetitive motif is not contained in the other spider proteins such as draglines.46 The 
repeated segments in pyriform spidroin are shared by the Aranaeidae family (A. trifasciata, N. 
cruentata, N.clavipes), like proteins in dragline silk.13,46 N. clavata in this study belongs to 
the same genus as N. clavipes. Polar serine is arranged periodically on a macroscopic scale in 
the secondary structure and should show a nonlinear optical activity. 
 
Figure 5. Model of the OH bond in pyriform attachment silk. (a) The pyriform silk fiber 
axes are oriented in the x-axis. (b) Molecular model of serine with molecular coordinate 
abc. C: gray ball, N: blue ball, O: red ball, H: white ball. The angle between the c-axis and 
the x-axis is defined as q, and that between the y-axis and the projection of the c-axis on 
the yz-plane is defined as f. The orientation of the OH bond is expressed by the polar 
angles (q, f). 
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The fibrous proteins are considered to have a C∞ cylindrical rod symmetry.51 Hence, we 
assume that the pyriform silk also has a C∞ cylindrical rod symmetry. Here we propose the 
following local model of the origin of the optical nonlinearity due to the OH bond. In Fig. 
5(a) the coordinate system xyz around a pyriform silk fiber on a silicon substrate is defined. 
The attachment disc fiber axis is in the x direction and the substrate normal is in the z 
direction. The incident plane of the excitation fields is in the xz plane. Nonlinear 
susceptibility of the pyriform silk fiber is defined as c(2)ijk in the relation, !"($) = '( ∑ *"+,($)-+-,+,,/0,1,2 .                      (1) 
The molecular axis of the O-H group is defined as the c-axis in the molecular coordinate abc 
of serine as shown in Fig. 5(b). The a- and b- axes are orthogonal to each other in a plane 
perpendicular to the c-axis. 
The polarization combination of PPP can access the nonlinear susceptibility elements cxxx, 
cxxz, cxzx, cxzz, czxx, czxz, czzx, and czzz, and SSP can access the elements cyyx and cyyz. 
Considering that the symmetry breaking is only in the x-direction, the nonzero elements of 
cxxx, cxzz, and czxz = czzx remain for PPP polarization, and the element cyyx remains for SSP 
polarization. Since the relative intensity of SFG of the serine-derived OH stretching vibration 
(3150 cm-1) is strong in the polarization combination of SSP, the stretching vibration of the 
OH bond is judged to contribute greatly to cyyx. We can relate the macroscopic nonlinear 
polarizability in the sample coordinate (x, y, z) to the hyperpolarizability in the molecular 
coordinate (a, b, c) through the following equation, 
*334($) = 56〈(cos; − cos= ;)(1 − cos$ ?)〉ABBB($).                 (2) 
Here Ns is the molecular density, < > indicates the average over the orientational distribution, 
and bccc is the hyperpolarizability of the OH bond. The angles q and f are defined in Fig. 5. 
Since cyyx ≠ 0, the term <cosq -cos3q> should always be nonzero in equation (2). Therefore, 
the O-H bonds have a nonzero average tilt angle q from the fiber axis. In other words, the 
directions of the O-H bonds are largely tilted from the fiber axis because of cyyx ≠ 0.  
Summary and Conclusions 
Oriented NH bonds of amino acids were detected in the attachment disc of a spider’s 
pyriform silk by observing SFG resonant vibrational modes. The IR vibrational mode and the 
SFG spectra of the OH vibrational mode show that the hydroxyl group of serine is oriented in 
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the direction off the silk fiber axis. The polar molecules can induce a dipole in the substrate 
material. The very strong intermolecular force can occur through the orientation of polar side 
chains in serine in the amino acid sequence of the attachment silk proteins. The electrostatic 
interaction may provide an adhesion force. This picture is consistent with that by Wolff et 
al.10 We propose that the measurement should be conducted based on an observation by SFG 
microscopy, while the analysis should be upgraded to the one using a DFT method. 
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1. Video S1 shows the detail of sample collection. 
2. Figure S1 shows the angular dependence of the specular linear optical reflectivity of the 
attachment disc.	 	
3. Figure S2 shows the FT-IR spectrum of the 1700-2800 cm-1 region of an attachment disc 
of a spider (N. clavata).	
4. Figure S3 shows the second harmonic generation microscopy of the attachment disc.	 			
 
 
Figure S1. Linearly reflected light 
intensity as a function of the rotation 
angle of the attachment silk. 0˚ was 
defined as the rotational angle when 
the attachment silk fiber axis is 
perpendicular to the incident plane of 
light. The intensity of the reflected 
light was below the noise level above 
the rotational angle of 70˚. 
	 2 
 
 
 
 
 
 
Figure S3. (a) Microscopic image of an attachment disc silk fibers taken by a CMOS 
camera with white light illumination. (b) Second harmonic generation (SHG) image. For 
SHG image, the light source was a pulse train with a repetition frequency of 1 kHz, 
wavelength of 800 nm, and a pulse width of about 120 fs. The energy density on sample 
was 255 µJ/cm2 per pulse. The integration time was 1 s. 
Figure S2. The FT-IR spectrum of the 1700-2800 cm-1 region of an attachment disc of a 
spider (N. clavata). 
